Notes and Comments
Ecology, 66 (3), 1985, pp. 1081-1083 ? 1985 The purpose of this note is to compare two types of distance-dispersal functions (density and probability functions) describing dispersal of propagules from a localized source. The results are intended to apply mainly to wind or ballistic dispersal, but also have some relevance to animal-dispersed plant species. I will refer only to seeds in the quantitative treatment, but the treatment applies equally well to pollen.
First, let D'(r,B) be the density of seeds (number per unit area per seed dispersed), falling at distance r and direction 6 from the source. Define the density func? tion:
Then D(r) is the seedfall density per seed dispersed, at distance r, averaged over all directions. (Note that this is quite distinct from the statistical usage of the term density in the expression "probability density func? tion" [p.d.f.] ). D(r) rather than D'(r,B) will be used in the following analysis, as the focus will be on distance rather than directional effects. Note, however, that in Eq. 1, D(r) can be defined for any sector of size a (0 < a < 2ir) for a more detailed analysis of asymmetric dispersal functions. The results that follow would then hold for any such sector. D(r) satisfies the conditions: r i) I D(r) dA = 1, where dA is an increment of area at radius r;
ii) the proportion of seeds falling between r{ and r2 is
since dA = 2wrdr is the annular area element.
Second, let P'(r, 6) be the p.d.f. describing the prob? ability of arrival of seeds as a function of distance and direction from the source. Define the probability func? tion:
J 0=0 which corresponds to the density function in Eq. 1 above. Then P{r) is the probability that a seed released from the source will arrive in an annular area of unit width at distance r from the source. P{r) satisfies the conditions:
?? ii) J P{r)dr = Pl2.
The quantitative difference between D{r) and P{r) arises simply because of the geometrical relation between annular area and radial distance. From Eqs. 2 and 5, P{r) = 2irr D{r).
It can be seen that the density function declines more rapidly with distance than does the probability func? tion. Further, P{r) must satisfy the conditions ofa p.d.f. (Mendenhall and Scheaffer 1973) . In particular, Eq. 4 must hold, which restricts the class of admissible P{r) curves. In contrast, D{r) is not a p.d.f., and its integral need not converge. Although several workers have measured dispersal in the field (e.g., for seeds : Cremer 1966 , Roe 1967 , Yocom 1968 , Werner 1975 , Watkinson 1978 , Rabinowitz and Rapp 1981 , Peart 1982 , Augspurger 1983 ; for pollen: Colwell 1951 , Raynor et al. 1970 , 1971 ; for fungal spores: Wilson and Baker 1946) , there has not been adequate statistical analysis of dispersal data to specify the expected forms of D{r) or P{r).
However, to illustrate the potential differences be? tween P{r) and D{r), and the constraints upon them, some hypothetical dispersal curves are depicted in propriate for D{r), as it implies a constant probability function (Fig. lh) . In neither Fig. lh nor Fig. lj do the P{r) curves have convergent integrals, so the last two pairs of curves ( Fig. 1 g-j) cannot describe real dispersal processes. In the first three pairs of curves ( Fig. la-f) , Ecology, Vol. 66, No. 3 DENSITY D(r) PROBABILITY P (r) Fig. 1 . Several pairs of hypothetical density dispersal functions D(r) and probability dispersal functions P(r). In each pair of curves, the probability function (on the right) is equal to the density function multiplied by the factor 2wr. The horizontal scale (radial distance r from the source) is the same for both D(r) and P(r). Parameters a, b, and c are con? stants, but do not necessarily take the same values in all functions.
the requirement that P(r) be a p.d.f. places constraints on the parameters, further restricting the class of ac? ceptable dispersal functions, but also reducing the number of parameters to be estimated. For example, in the D(r) of Fig. lc, a = b2/(2iv) .
For a finite number of dispersed seeds, D(r) must have a finite value at r = 0, while P(r) must be zero at r = 0. Because of the latter condition, the probability curve must be peaked. Both of these conditions are satisfied in the first three examples (Fig. la-f ) but violated in the last two (Fig. lg-j) . The linear density function is the simplest case, but in each of the empirical studies cited above the rate of decline of density eventually decreases with distance. Obviously the examples of Fig. 1 are not exhaustive, and the choice of functions for use in modelling dispersal or fitting dis? persal data should reflect the shapes of known dispersal curves and/or mechanistic models ofthe dispersal process, as well as the constraints noted here.
To obtain P{r) one can estimate the proportions of seeds in concentric rings (annuli) around the parent. In the field under natural conditions, it is usually difficult to estimate the total number (7V) of seeds dispersed (and hence the proportion in each annulus) because of the large areas to be searched in the more distant an? nuli. Watkinson (1978) obtained such counts for a dune annual with very limited dispersal, although he did not express the results as probabilities. The absolute den? sity of seeds at distance r is D{r)N. Absolute densities can be obtained simply by measuring the number of dispersed seeds per unit area at various radial dis? tances, but, as for P{r), N must be known to calculate D{r). Where possible, N is best measured by counting the number of seeds on the parent plant at the beginning and at the end of the period of dispersal mea? surement. Eq. 6 can be used on dispersal data to obtain P{r) from D{r) or vice versa, but a consequence of Eq. 6 is that a substantial proportion of seeds may fall beyond a radial distance where the density is already quite low. Depending on the purpose of the measure? ments, it may be necessary to sample at greater dis? tances (involving larger areas) for P{r) than for D{r).
The ecological and evolutionary implications of seed dispersal patterns depend on whether D{r), P{r), or both are important to the parent plant and the indi? viduals (of the same or other species) with which its progeny interact. P{r) is relevant when the number of successful offspring is sensitive to the probabilities of seeds travelling to (or beyond) certain distances. D{r) is useful for the evaluation of density-dependent in? teractions among progeny as a function of distance.
Where such density dependence is important, the total number of successful offspring will depend on both P{r) and D{r). Wide dispersal of seeds may reduce density-depen? dent mortality due to seed predation, herbivory, or seedling competition (Janzen 1970) . The density func? tion is relevant to this hypothesis. Wilson and Janzen (1972) found that seed predation by bruchid beetles increased with the local seed density of palm seeds, but was independent of distance from the parent. Where the probability of escape to some distance from the point of release is more important, the relevant curve is P{r). This may occur if the parent plant attracts the natural enemies of seeds and seedlings (Janzen 1970 , Connell 1971 or if the parent inhibits seedling estab? lishment in its neighborhood (Peart 1982) . O'Dowd and Hay (1980) showed seed predation by rodents to depend on distance from the parent, rather than seed density. Recently Augspurger and Kelly (1984) were able to demonstrate the effects of both density and distance on pathogen-induced mortality in seedlings of a tropical tree. Dispersed seeds may be clumped due to the movements of animal dispersers (see review in Howe and Smallwood 1982) , physical obstructions to wind dispersal, or deposition by receding waters. In these cases, the density of seedfall may not be simply related to distance, and local clumping may be more important for seed and seedling success, although the relation between the density and probability functions (Eq. 6) still holds.
The probability function for pollen dispersal is relevant to estimation of rates of outcrossing and gene flow, while the density function may influence the like? lihood of pollen competition and/or mating between half-siblings. Animal vectors can produce clumping in pollen as they do with seeds (e.g., Handel 1982) . Sev? eral aspects of pollen dispersal have been reviewed by Levin and Kerster (1974) and Levin (1981 Levin ( , 1984 .
